Transmissible spongiform encephalopathies (TSEs or prion diseases) are a rare group of invariably fatal neurodegenerative disorders that affect humans and other mammals. TSEs are protein misfolding diseases that involve the accumulation of an abnormally aggregated form of the normal host prion protein. They are unique among protein misfolding disorders in that they are transmissible and have different strains of infectious agent that are associated with unique phenotypes in vivo. A wealth of biological and biophysical evidence now suggests that the molecular basis for prion diseases may be encoded by protein conformation. The purpose of this review is to provide an overview of the existing structural information for prion protein within the context of what is known about the biology of prion disease.
Introduction
The transmissible spongiform encephalopathies (TSEs) are a group of rare neurodegenerative diseases that include scrapie in sheep, chronic wasting disease (CWD) in deer and elk, and bovine spongiform encephalopathy (BSE) in cattle. There are three categories of TSE disease in humans: 1) sporadic, the most common form of which is Creutzfeldt Jakob disease (CJD), 2) heritable, which is associated with mutations within the prion protein gene and, 3) acquired, which is a result of ingestion or inoculation of TSE contaminated materials. Both kuru, a TSE once endemic in the Fore tribe of New Guinea and variant CJD, which has been linked to BSE and can be transmitted via blood, are examples of acquired forms of TSE. There are neither preclinical diagnostic tests nor effective therapeutics for TSEs. As a result, following the onset of clinical signs, these diseases are inevitably fatal.
The TSEs fall within the spectrum of diseases of protein misfolding because the primary pathogenic event associated with disease onset is the conformational transformation of the host prion protein (PrP). PrP is a ubiquitous mammalian glycoprotein which, after cleavage of both a signal peptide and glycophosphatidyl inositol (GPI) membrane anchor sequence, is approximately 208 amino acids (amino acid residues 23-231). It is processed through the secretory pathway where it is glycosylated at two N-linked glycosylation sites and eventually attached to the cell surface via the GPI anchor. During TSE pathogenesis, the soluble, protease sensitive form of PrP (PrP-sen) is refolded and converted into an insoluble protease-resistant form, PrP-res. PrP-res has the same primary sequence as PrP-sen but a different secondary structure. Thus, where PrP-sen is higher in α-helical content, PrP-res is higher in β-sheet content (see below) [1] .
Conversion of PrP-sen to PrP-res most likely occurs on the cell surface and/or along the endocytic pathway via a mechanism of seeded polymerization, a process which can be broadly divided into two steps. In the rate limiting step, ordered aggregates or "seeds" of PrP-res bind PrP-sen. In the second step, the newly bound PrP-sen is conformationally altered, via a poorly understood process, into more PrP-res. PrP-res can accumulate either intra-or extracellularly, mainly within tissues of the central nervous system and lymphoreticular system. Formation of PrP-res is associated with the neuronal loss which leads to the characteristic spongiform appearance of a TSE-infected brain and is considered diagnostic for TSE diseases [1].
TSEs, also known as prion diseases after the prion protein, are unique among protein misfolding diseases in that they are transmissible. In fact, prion diseases have all of the characteristics of more conventional viral or bacterial agents in that they can replicate, have different strains of agent which are associated with different prion disease phenotypes in vivo, and demonstrate very strong species specificities. PrP-res is tightly associated with infectivity and recent in vitro data support the hypothesis that PrP-res itself is a primary component of the TSE infectious agent [2••,3•• The challenge within the prion disease field is thus to understand how all the different aspects of prion pathogenesis can be explained within the context of the underlying structures of both PrP-sen and PrP-res.
Structural biology of PrP-sen
High resolution NMR structures were first obtained from C-terminal mouse PrP-sen (residues 121-231) expressed in Eschericia coli [4••] . As shown in Figure 1A , normal PrP contains three alpha helices separated by regions of loop/turn with two small regions of beta strand located upstream of the first and second alpha helices. Subsequent NMR-based models demonstrated that the C-terminal globular domain of PrP-sen was folded similarly across multiple mammalian species [5] [6] [7] [8] [9] and that the N-terminal portion of PrP from 23-120 was largely disordered [10] . The crystallization of recombinant PrP-sen has also led to high resolution structures which, other than being dimeric in one instance, were very similar to the structure derived by NMR [11;12] . Importantly, the NMR structure of PrP-sen purified from the brains of cattle was shown to be virtually identical in overall fold to that of E. coli derived PrP-sen, further validating the results using E. coli derived PrP [13•] .
The primary structure of PrP-sen and PrP-res formation Early in vivo experiments took advantage of the species barriers to TSE infection between mice and hamsters and showed that the middle third of PrP-sen (residues ~108-189) determined whether or not a mouse was susceptible to hamster scrapie [14] . In vitro scrapieinfected tissue culture models demonstrated that this central region controlled the speciesspecific formation of PrP-res and thus provided the basis for a molecular mechanism of TSE species barriers in vivo [15•,16;17] . If there was sufficient homology from residues 108-189 between exogenous PrP-res from one species and endogenous PrP-sen of another species, PrPres would convert PrP-sen to more PrP-res and the species barrier would be crossed. If there was insufficient homology between the exogenous PrP-res and the endogenous PrP-sen, PrPres would not efficiently convert PrP-sen and the species barrier would be maintained [14] [15] [16] [17] .
Thus, data from both in vivo and in vitro studies indicated that either the primary or secondary structural components within the middle third of PrP-sen were important for conversion. NMR structures of PrP-sen showed that these critical residues (~108-189) contain most of the folded domain including both β-strands, the first two α-helices, and the loop/turn regions connecting them. This important region notably does not contain the third α-helix (Box 1). Further mapping of the amino acids important in species-specific PrP-res formation showed that it was residues within the loop structures that were the most important ( Figure 1B-D) . Homology at PrP-sen amino acid residues 138 in mouse [16•] , 155 in hamster [17] , 171 in sheep [18;19] , and 129 in human [20] were essential for the efficient formation of PrP-res in vitro. In vivo, these same residues strongly influence species barriers to TSE infection [21] [22] [23] .
The fact that the most important residues in PrP-res formation are not the same among species strongly suggests that it is not amino acid homology but rather slight variations within the loop/ turn structures of PrP itself that are important in the conversion of PrP-sen to PrP-res [24] . Recent NMR data demonstrating that there are subtle but significant differences in the way that the solvent exposed loop regions of PrP-sen are ordered among species support this interpretation [25;26] . It is also consistent with the original suggestion of Riek et al. that, during PrP-res formation, the two small regions of β-strand upstream of the loop regions act as a nucleation site for the conformational conversion of the loop/turn and α-helical structures in PrP-sen to β-sheet in PrP-res [4••] . Interestingly, the loop between the second β-strand and α-helix 2 displays structural variation among species, with a significantly higher degree of order in the β2-α2 loop sequences from TSE susceptible species such as elk, sheep and bank voles [26] . Specifically, asparagine at position 170, carried by both bank voles and cervids, has been implicated in higher susceptibilities to TSE disease [27] . Thus, it seems that these highly exposed surface regions defined by loops between the small β-strands and the α-helices may be involved in intermolecular contacts between PrP-sen and PrP-res.
Role of PrP-sen secondary structures in PrP-res formation
Using the NMR structures as a guide, the major secondary structural elements of PrP-sen have been either mutated or deleted entirely and their effect on in vivo disease [28;29] and in vitro PrP-res formation [30] have been studied. Experiments using transgenic mice over-expressing PrP-sen deleted within the unstructured N-terminus showed that this region strongly influenced the susceptibility to and the incubation times of prion disease [29] . In vitro studies using similar N-terminal deletions have shown that residues between 108 and 124 are important in PrP-res formation [31] . The N-terminus contains a sequence of eight amino acids repeated 5 times (the octapeptide repeat region, residues 52-90) which contain histidine and are known to bind copper and zinc [32] . Recent studies have shown that while the number of octapeptide repeats does not influence the conformation of abnormal PrP, it does effect the kinetics of PrP-res formation by influencing both PrP-sen aggregation and the rate at which PrP-sen binds to PrPres [33] . Thus, during PrP-res formation the N-terminus likely influences not only the initial PrP-sen/PrP-res binding step (via the octapeptide repeats) but also the actual conversion of PrP-sen to PrP-res (via residues 108-124).
Understanding how each α-helix and β-strand of PrP-sen contributes to PrP-res formation is much more problematic given that, unlike mutations within the disordered N-terminus, mutation of these well-defined secondary structures can lead to aberrantly processed PrP-sen [30] . As a result, it is often difficult to distinguish the role of these structures in PrP-res formation from their potentially critical role in appropriate PrP-sen folding and processing. Furthermore, the effect of these mutations is unpredictable. For example, in studies using scrapie-infected tissue culture cells, deletion of the second β-strand led to aberrantly processed PrP-sen. However, the additional deletion of the first α-helix appeared to restore normal PrPsen processing [30] . Neither of these constructs was able to form PrP-res in vitro. By contrast, transgenic mice expressing a similar PrP-sen mutant (i.e. without the first α-helix and second β-strand) but with an additional N-terminal deletion of amino acid residues 23-88, were fully susceptible to scrapie infection and accumulated PrP-res [28] . Clearly, caution should be used when using PrP deletion mutants to determine the influence of PrP-sen secondary structures on PrP-res formation.
PrP-res structure and disease
Most researchers appear to now accept the protein-only theory of prion diseases which states that PrP-res is the infectious agent of TSE disease. Distinct prion strains are perhaps the most difficult aspect of TSEs to explain within the context of the protein-only hypothesis. Strains are defined biologically by disease incubation time, clinical signs and pathology and biochemically by the size, glycosylation and protease resistance of PrP-res. Notably, if PrPres is the sole component of the infectious agent, then one has to consider how prion disease phenotypes are determined. The most likely explanation is that prion strain phenotypes are encoded with exquisite precision by the tertiary and quaternary structure of PrP-res. Various studies have suggested that TSE strain discrimination is indeed conformation-based. For example, the analysis of PrP-res with structure-specific antibodies [34] or luminescence reactions in which conjugated polymers interact with PrP-res in a structure-specific manner [35] support this idea. Thus, it is critical to resolve the structural components of PrP-res in order to understand how different prion strains work in vivo.
While a great deal is known about PrP-sen structure and how specific mutations in PrP-sen can influence PrP-res formation, the structure of PrP-res is unknown since it has not yet been purified sufficiently for high-resolution structural studies. Attempts to purify PrP-res from the brains of infected animals invariably yield heterogeneous mixtures and aggregation states not amenable to characterization by NMR spectroscopy or X-ray crystallography. This lack of high resolution data has made it necessary to focus more intently upon lower resolution techniques for structure determination, notably the ultrastructure and the secondary structure of PrP-res. For example, electron microscopy has been used extensively to characterize PrP-res aggregates. Such samples can display a wide spectrum of morphologies and aggregation characteristics, from highly ordered fibrillar deposits to apparently amorphous aggregates [36••] . It is not uncommon to observe electron microscopy images of PrP-res deposits that show fibrils and amorphous aggregates on the same gridsquare. Studies using circular dichroism and FTIR have shown that PrP-res can contain up to ~50% β-sheet structure but still retain a substantial amount of its original α-helical character [37,38•,39] . Importantly, FTIR has also been used to distinguish PrP-res from different strains by defining structural differences in β-sheet conformation [40••,41,42] .
PrP-res and amyloid fibrils share common features
The ability of prions to amplify themselves in vivo bears a striking mechanistic resemblance to the way that amyloid fibrils grow through seeded polymerization from a reservoir of precursor protein. About forty amyloid diseases have now been identified, and they are typically defined by the presence of amyloid fibrils [43•] . By contrast, PrP-res is only sometimes observed in the form of amyloid, with some strains forming more amyloid during the disease process than others. However, the similarities between amyloid and prion diseases are nevertheless intriguing enough to make detailed comparisons worthwhile.
Amyloid fibrils, whether formed in vivo or in vitro, all display a characteristic cross-β folding pattern in which β-strands align to form sheets that are perpendicular to the fibril axis while hydrogen bonding between strands is parallel to the fibril axis [44] [45] [46] . An impressive array of biophysical methods has been developed to probe amyloid structure, and now unbiased atomic models of the cross-β spine from short peptides are available [47••,48] . Perhaps the highly specific molecular contacts among side chain residues in the tightly interdigitated dry interface of the β-strands in those short amyloid peptides constitute the same type of interface in the β-sheets of PrP-res, making the strain-specific conformations that define TSEs. However, such highly detailed structural models for larger proteins such as PrP are not yet available.
PrP, like most amyloid-disease related proteins, can be induced to form amyloid-like fibrils in vitro under the right conditions. Consequently, researchers have created amyloid-like fibrils from various PrP sequences in order to elucidate certain aspects of TSE disease and PrP-res structure. One particularly illustrative model has been the recombinant peptide PrP23-144, which is associated with a form of cerebral amyloid angiopathy [49] , and forms amyloid-like fibrils in vitro under non-denaturing conditions from an intrinsically disordered structure [50] . Further studies showed that PrP23-144, like other amyloidogenic peptides, has a high degree of conformational plasticity and can be induced to form a wide range of fibril morphologies [51] . Using PrP23-144, Surewicz and his co-workers showed that the critical amino acids 138 and 139 determined a species-specific seeding preference [52] . For example, Syrian hamster PrP23-144 fibrils did not effectively seed human PrP23-144 and vice-versa due to an amino acid mismatch in these residues. This finding supported earlier results demonstrating the importance of residue 138 for the species-specific formation of PrP-res in mouse-scrapie infected tissue culture cells [16•] . These results helped to illustrate that PrP conversion or the lack thereof could be thought of in terms of structural compatibility between isoforms of PrP-sen and PrP-res without the need for any non-PrP co-factor.
Full-length recombinant PrP (residues ~23-231, numbering dependent upon the species) can also be induced to form amyloid-like fibrils (Figure 2A ), herein termed r-PrP-res [53] [54] [55] [56] [57] . The ability to produce fibrils by seeded polymerization at neutral pH from a completely folded tertiary structure using essentially the complete PrP coding sequence represents an important step towards building a useful model for PrP misfolding in TSE disease [53] . In contrast to PrP23-144 and various other partial PrP sequences, full-length r-PrP does not readily form amyloid-like fibrils unless denaturants are used to partially unravel the tertiary structure prior to fibrillization. This requirement for non-physiological buffer conditions has made it difficult use r-PrP-res fibrils to examine phenomena which require a high degree of seeding specificity, such as would be required if modeling the species barrier or protein-based strain differentiation [58] .
Additionally, fibrillization of r-PrP does not necessarily lead to an infectious PrP-res conformation. Numerous attempts to instigate TSE disease with amyloid-like fibrils have failed [e.g. 59]. Although there has been a report of recombinant mouse PrP89-231 amyloid-like fibrils triggering prion disease in transgenic mice over-expressing the same sequence, these results have yet to be repeated [60•] . One possible explanation for the paucity of infectious rPrP-res samples is that only a small fraction of a very large number of possible r-PrP conformations may represent the correct tertiary and quaternary architecture necessary for the formation of infectious PrP-res.
It has been reported that the protease resistant β-sheet core of full-length recombinant amyloidlike human r-PrP-res fibrils is derived from residues ~169-220 [61] . This 8 kDa segment (similar to that shown in Figure 2B ) is composed of β-strands oriented in a parallel, in-register alignment with tight alignment between the side chains [62•] . By contrast, immunoblots of PK-treated bona fide PrP-res suggest that the primary protease-resistant core is ~17 kDa, which is more than twice the molecular weight of the r-PrP-res β-sheet core [63] . It is not clear why r-PrP-res fibrils would not reflect those key characteristics of bona fide PrP-res, except that making r-PrP-res in vitro commonly involves the use of denaturants such as guanidine hydrochloride [53] or detergents like SDS [64•,65 ] to prompt fibrillization, and thus does not closely enough match the oligomerization environment found in vivo. This may help to explain why r-PrP-res differs structurally from PrP-res formed in vivo ( Figure 2C ).
However, there is still hope that future demonstrations of prion infectivity may be achieved by screening r-PrP-res formulations for those that contain just the right cross-β fold structure required to complex with PrP-sen in vivo. In fact, it has been demonstrated that r-PrP-sen can be seeded by minute quantities of brain-derived PrP-res, resulting in a small proportion of the original r-PrP-sen molecules reorganizing into r-PrP-res with a PK resistant β-sheet that extends to ~16 kDa [64;66] . These studies showed that r-PrP-res can indeed acquire alternative conformations, although it remains to be determined whether or not these PrP-res seeded conformations, or some variation thereof, have acquired infectious properties.
Existing models of PrP-res structure
Since high-resolution structural details of PrP-res aggregates do not exist, the two most widely cited structural models for PrP-res were both done in silico [67•,68•] . The β-helix model, proposed by Fred Cohen and coworkers [68] , is based upon a threading analysis methodology developed earlier [69] . The work was done largely in coordination with electron microscopy experiments [70•] using hamster PrP-res, whereby refined electron density maps from the microscopic observation of ordered two-dimensional arrays were used as constraints [68•] . The β-helix model proposes that the major conformation changes in the conversion process occur within residues 90-112 and extend beyond residue 138 (hamster numbering). The proposed β-sheet core region in this model would form left-handed β-helices within residues 89-175 coordinated in PrP trimers that would then stack upon each other perpendicular to the fibril axis. The disulfide linkage and glycosylation would be retained outside of the stackable β-helix core and the C-terminal residues including α-helices 2 and 3 would not be affected.
The spiral protofibril model, proposed by DeMarco and Daggett, is fundamentally different from the β-helical model. The original spiral model was derived from molecular dynamics simulations using the mutant D147N composed of hamster PrP residues 109-219 [67•] . At the heart of the spiral model are four β-strands, termed E1-E4, spanning residues within the 116-164 region. The first new strand proposed (E1; 116-119) is N-terminal to the first β strand originally present in PrP-sen. The second two extended structures (E2, E3) represent an extension of the original two β strands in PrP-sen. The spiral model is shown in Box 1 with key residues involved in extended β-sheet like structure shown as arrows. Importantly, none of the extended sheet structures would significantly affect the original α-helices, thus allowing them to retain their native conformation. A critical comparison between the spiral and β-helix model has also been published [71] .
Finally, as discussed above, another structure has recently emerged, based upon experimental data obtained from site-directed spin labeling and EPR spectroscopy on r-PrP-res amyloid-like fibrils [62•] . This structural model is markedly different from the other two in that the β-sheet core extends from approximately 169-220 and none of the original α-helical character from PrP-sen is retained. By contrast, experimental evidence for PrP-res implicates N-terminal residues ~90-120 in the β-sheet core [72] and retention of α-helical character in the C-terminal residues [38] .
Conclusion
High-resolution structures of PrP-sen are well established and have provided useful information regarding the influence of various regions in the PrP-sen to PrP-res conversion process. In particular, a key loop region composed of residues ~165-171 displays structural variations between species and is thought to influence species-specific intermolecular contacts, perhaps acting as a nucleation site in the conversion process. However, there are no corresponding structures of PrP-res due to problems with insolubility and heterogeneity of purified samples. Analysis of the secondary structure of PrP-res has revealed a high percentage of acquired β-sheet structure and it has been shown that the conformation of this β-sheet can vary between PrP-res samples from different TSE strains. PrP-res is sometimes but not always found in the form of amyloid fibrils, further illustrating the complex nature of potential PrP conformations. It is thus critical to more thoroughly investigate PrP-res structure in order to understand what conformations may be associated with TSE infectivity.
BOX 1
Estimated localizations of α-helix and β-sheet secondary structure in PrP-res throughout the amino acid sequence. The numbering (shown at the bottom of the figure) is based upon the human PrP sequence. 1 Full-length PrP-sen with predicted secondary structure motifs based upon accumulated NMR structures as discussed in the text. 2 Experimental FTIR data obtained with hamster 263K PrP-res and secondary structure estimations performed by the method of (Garnier et al. J. Mol. Biol. 1978 ). The predicted structure shows an increase in β-sheet character, especially in the region from ~120-190 and at the C-terminus. 3 The spiral model, proposed by DeMarco and Daggett, is based upon molecular dynamics modeling of recombinant hamster PrP mutant D147N under low pH conditions. In this model the initial core structure is represented as four parallel and antiparallel β-strands yielding a protofibrillar species containing 34% extended β-sheet like structure. The original α-helices remain largely in their native conformation. 4 The β-helix model, obtained by threading the sequence of PrP onto the scaffolds of known proteins with left handed β-helices. This model predicts that individual β-strands arrange into left-handed helices that form an amyloid core spanning residues 89-176. The second and third original α-helices of PrP-sen would remain largely unaffected. The monomers would then assemble into a trimer, forming a repetitive β-helical disc which would in turn polymerize into PrP-res fibrils. 5 Human r-PrP90-231 was used to form amyloid-like fibrils. The molecular architecture of the protease resistant core spanning residues 160-220 was derived experimentally based upon site-directed spin labeling coupled with EPR spectroscopy and found to consist of a parallel, in-register β-structure. None of the α-helices from the original PrP-sen retained any native conformation. The β-structure is interspersed with tight turns, which were modeled in to account for the existence of a disulfide bridge and to exclude charged residues from the β-sheet interface. Amyloid-like r-PrP-res fibrils made in our laboratory can be PK digested resulting in removal of the N-terminus and generation of a C-terminal protease resistant core. Panel A) shows a representative example of amyloid-like fibrils of hamster r-PrP-sen (residues 23-231) grown at 37 °C with 200rpm in denaturing buffer. B) SDS-PAGE and staining of the PK-treated fibrils with Coomassie blue shows two bands of approximately 8 and 10 kDa, neither of which react with monoclonal antibody 3F4, which is specific for residues 109-112, suggesting that the cleavage site is C-terminal to this epitope. However the 10 kDa band does react with antibody R18, which is specific for residues 142-155, helping to confirm that a 10kDa fragment is present. C) ATR-FTIR spectra of PK-treated r-PrP-res23-231 (from samples shown in panel
